A
Cute respiratory distress syndrome (ARDS) is a devastating syndrome characterized by diffuse alveolar damage resulting from inflammation, endothelial damage, and fibroproliferative remodeling in the lungs that occurs after an inciting injury (1) . More than 150,000 cases and 70,000 deaths from ARDS are estimated to occur in the United States each year (2) . As yet, there is no effective pharmacologic therapy for treatment of ARDS after decades of research (3).
Inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, also known as "statins," are effective for the treatment and prevention of coronary heart disease (4) . Statins exert pleiotropic antiinflammatory effects in addition to their lipid-lowering effect (5) . Accordingly, there is great interest in utilizing statins not only as a therapy for inflammatory diseases such as septic shock and ARDS but also for prevention of inflammatory complications such as ARDS after injury (6) . Preliminary data from animal models of lung injury support these approaches (7) (8) (9) and observational studies report improved outcomes among patients who received statins before the development of pneumonia, sepsis, and other inflammatory or infectious conditions (10) (11) (12) (13) . However, data supporting improved outcomes in human lung injury are lacking (14, 15) , although recent studies have suggested a potential protective effect of statins against lung injury (16, 17) , and a phase II treatment study in patients with lung injury has been conducted (18) .
Because of the potential promise of statin therapy in preventing and treating ARDS, we conducted an observational study of a large cohort of patients at risk for ARDS. We sought to evaluate whether patients receiving statins are at reduced risk for development of ARDS and whether they have better outcomes when ARDS develops.
MATERIALS AND METHODS
Study Design and Enrollment. From September 1999 to March 2009, we screened all patients admitted to the surgical, medical, and neurosciences adult intensive care units Objectives: The 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors ("statins") have anti-inflammatory properties and are associated with improved outcomes in critically ill patients. We investigated whether previous statin therapy affects outcomes in patients at risk for acute respiratory distress syndrome.
Design: Patients were followed-up for the primary outcome of acute respiratory distress syndrome and secondary outcomes of intensive care unit and 60-day mortality, organ dysfunction, and ventilator-free days in a secondary analysis of a prospective cohort study. receipt of statin therapy was recorded. Propensity score matching was used to adjust for confounding by indication.
Setting: Intensive care units at a tertiary care academic medical center.
Patients: Critically ill patients (2,743) with acute respiratory distress syndrome risk factors.
Interventions: None.
Measurements and Main Results:
Acute respiratory distress syndrome developed in 738 (26%) patients; 413 patients (15%) received a statin within 24 hrs of intensive care unit admission. Those who had received a statin within 24 hrs had a lower rate of development of acute respiratory distress syndrome (odds ratio 0.56; 95% confidence interval 0.43-0.73; p < .0001). After multivariate adjustment for potential confounders, this association remained significant (odds ratio 0.69; 95% confidence interval 0.51-0.92; p = .01). However, after propensity score matching, the association was not statistically significant (odds ratio 0.79; 95% confidence interval 0.57-1.10; p = .16). statin use was not associated with reduced acute respiratory distress syndrome mortality, organ dysfunction, or ventilator-free days. results of the study were presented in accordance with sTrOBE (strengthening the reporting of Observational studies in Epidemiology) guidelines.
Conclusions: statin therapy at the time of intensive care unit admission was not associated with a lower rate of development of acute respiratory distress syndrome after matching for patient propensity to receive statins. statin therapy was not associated with improvements in acute respiratory distress syndrome mortality, organ failure, or days free from mechanical ventilation. Statin therapy as prevention against development of acute respiratory distress syndrome: an observational study* (ICU) at Massachusetts General Hospital prospectively for risk factors for ARDS, including pneumonia, sepsis, septic shock, aspiration, trauma, and multiple transfusions (Table 1) . Both inclusion and exclusion criteria are as previously described and included immunosuppressed patients and those with comfort care orders (19) . We enrolled patients with ARDS risk factors and no exclusion criteria after informed written consent was obtained from them or a surrogate. Study procedures were approved by the Institutional Review Board of our institution. Data Collection. We collected demographic data at baseline, including data used for Acute Physiology and Chronic Health Evaluation (APACHE) III score calculation, which includes components of chronic health status (20) , and accessed inpatient and outpatient records to determine whether patients were prescribed statins before hospital admission and whether they received doses of statins while in the hospital. We screened patients daily while in the ICU for development of ARDS. The primary outcome was development of ARDS as defined by American-European Consensus Committee criteria (21) and requirement for mechanical ventilation. Daily chest radiographs were performed according to our institution's protocol for management of mechanically ventilated patients. Radiographs were independently interpreted by study staff comprising critical care-trained physicians who were not involved with care of the patient. All study staff were required to complete a standardized computer training module for interpreting ARDS chest radiographs. For quality-control purposes, films were periodically selected for reading by multiple study staff: testing showed a high degree of concordance between readers (  0.8). Study staff alternated reading patient radiographs on sequential days, and in cases of discrepant readings another investigator was available for adjudication. We followedup all patients for the secondary end point of ICU mortality. Among patients who had ARDS develop at any time, including those who presented with ARDS on hospital day 1, we screened them daily for secondary study end points, including 60-day mortality, daily multiple organ dysfunction score (MODS) calculated by Brussels criteria (22) , and number of days free from mechanical ventilation at 28 days. Data regarding receipt of statin therapy were collected retrospectively after the prospective cohort had been established.
The rates of missing data were low (1%). If patients were missing data required for a particular analysis, then they were excluded from that analysis.
Statistical Analysis
We performed all statistical analyses using SAS software version 9.1.3 (SAS Institute Inc, Cary, NC) and considered p  .05 to be statistically significant. We used chi-squared tests, two-sample t tests, or Wilcoxon rank-sum tests as appropriate for univariate analyses. We stratified patients for comparison according to whether they had received any statin doses within 24 hrs before ICU admission.
To analyze the primary outcome of ARDS development and the secondary outcome of mortality, we used logistic regression modeling. We planned a priori to adjust these analyses for age and severity of illness (as measured by APACHE III score; the age component was subtracted from APACHE III scores to avoid colinearity between variables, and the PaO 2 /FIO 2 component was removed from the APACHE III score in the multivariate models of ARDS risk to avoid colinearity with the outcome). We considered other variables for inclusion in the logistic regression models using a backward stepwise selection algorithm with p  .1 as the cut-off for inclusion. These included other variables of clinical relevance, potential confounders, or those with significant differences between groups on univariate analysis. Specifically, we considered variables such as gender, race, vasopressor or corticosteroid use, number of red blood cell transfusions, presence of shock, liver, or renal failure, and history of diabetes, among others. Variables were included in the model if they survived stepwise selection. Because of a previous report suggesting that aspirin therapy was actually responsible for some of the preventive effect associated with statin use (16), we included this as a variable; however, it failed to meet the significance threshold for inclusion. We did attempt forcing it into the multivariable models as a covariate, but again it did not have a significant association with the outcome, nor did it substantially affect model fit, and ultimately aspirin use was not included in the final models. Similar proportions of patients received aspirin in the statin and nonstatin groups (53% and 47%, respectively). Thus, the final multivariable model for the primary and secondary outcomes included age, APACHE III score (modified as described), and other covariates as described herein. To account for changes in treatment over time, we also matched patients according to the calendar year in which the patient was enrolled using conditional logistic regression.
We then conducted a propensity score analysis in an effort to reduce bias introduced by nonrandom patient-associated factors for receipt of statin therapy. Using logistic regression modeling, we first constructed a propensity score for receipt of statin therapy. Variables for the propensity score were selected from among demographic and clinical variables associated with ARDS risk and with statin use on multivariate analysis, according to the methods of propensity score construction described by Brookhart et al for controlling confounding by including covariates that are related to the outcome as well as those related to the exposure (23) . Covariate balance was tested within deciles of the propensity score and covariates were found to be well-balanced, indicating that the score was appropriately constructed. Details of this analysis and of covariates included in the final propensity score are described in the online supplement (see Supplemental Digital Content 1, http://links.lww.com/CCM/ A395). After a propensity score for receipt of statins had been calculated for all subjects, we repeated multivariate analyses for the outcomes of interest in a matched logistic regression model using decile of propensity score as the matching variable, along with matching for calendar year as in the previous analyses. Additionally, we repeated the propensity score analysis by including computed propensity score as a covariate in the logistic regression model as an alternative to matching.
For the secondary outcomes, we modeled daily MODS, compared between groups, using a linear mixed-effects model (PROC MIXED in SAS 9.1.3) with age and admission APACHE III score included as fixed effects and daily MODS as repeated measures. We assumed an unstructured covariance matrix for the model. We used a generalized linear model including age and admission APACHE III score as covariates to compare the number of ventilator-free days between groups. We analyzed daily MODS and ventilator-free day models with and without propensity score included as a covariate.
Power. We calculated that with 2,330 patients in the nonstatin group and 413 patients in the exposure group, at   .05 we had 80% power to detect a change of 5% in the proportion of patients with development of ARDS.
RESULTS

Primary Outcome
During the study period, we enrolled and collected data for 2,743 patients. Patient flow is depicted in Figure 1 , including the number of patients screened and excluded; 346 patients (13%) died during admission. Median APACHE III score was 66 (25%--75% interquartile range, 34-98); 413 patients (15%) received at least one confirmed dose of statin medication within 24 hrs before ICU admission. The majority of these had been prescribed statins as outpatients; only ten patients received an entirely new prescription for statin therapy after admission and 607 patients (22%) had been prescribed statins chronically. Baseline characteristics of these patients are shown in Table 2 Figure 2 .
Receipt of statins was again associated with significantly decreased odds of development of ARDS on an adjusted analysis (OR 0.69; 95% CI 0.51-0.92; p  .01). Full results of the multivariate analysis including all covariates are presented in Tables 3 and 4 .
We repeated the primary logistic regression analysis and included matching by decile of propensity score: 271 patients were excluded from matching because no patients in the lowest propensity score decile received statins. Of note, 102 of these patients (38%) had development of ARDS. Among the remaining 2,472 patients, 636 had development of ARDS (25.7%). In this analysis, the association between statin therapy and reduced development of ARDS was lost. Full results of the multivariable model are presented in Table 3 . As described, we also conducted this analysis by including propensity score as a covariate in the logistic regression model instead of matching by propensity score decile to utilize all 2,743 patients in the analysis. The results were similar: statin therapy was again no longer associated with decreased odds of development of ARDS (OR 0.84; 95% CI 0.61-1.16; p  .29).
To determine whether there was a dose-related effect of statin therapy, analyses were again repeated after standardizing statin doses for different medications according to the method of Kendrach et al (24). This analysis yielded similar results as those of the analysis of statin therapy as an all-or-none phenomenon. Statin dose was associated with reduced odds of development of ARDS in the unmatched model (OR 0.91 per 10-unit increase in standardized statin dose; 95% CI 0.84-0.99; p = .03) but, as with the other analyses, the effect 
Secondary Outcomes
At the 60-day time point, among the patients who had development of ARDS, 270 patients had died (37%). Median APACHE III score for ARDS patients was 76 (25%-75% interquartile range, 43-109). Baseline characteristics of the patients who had development of ARDS are shown in Table 5 . Mortality was 43% (32 patients) in the group that received statins and 36% (238 patients) in the nonstatin group; however, the odds of mortality were not significantly different between groups (OR 1.32; 95% CI 0.81-2.15; p  .26). As with the primary outcome, we constructed a logistic regression model to determine the impact of statin therapy on 60-day mortality and conducted regression analysis both with and without matching according to propensity score for receiving statins. Receipt of statin therapy was not associated with altered odds of 60-day mortality in either the nonmatched or the matched analyses. Complete results of the multivariate analyses are shown in Tables 6 and 7 .
Average daily MODS scores are depicted in Figure 3 . We compared MODS scores between patients who did and did not receive statins using a linear mixedeffects model (PROC MIXED in SAS 9.1.3), with age and admission APACHE III score included as fixed effects and daily MODS as repeated measures, assuming an unstructured covariance matrix. This model showed no difference between groups either with or without propensity score included in the model (p  .94 and p  .31, respectively).
We did not find a significant difference in number of ventilator-free days between patients who did and did not receive statins (median, 4.0; 25%-75% interquartile range, 0.0-11.0 vs. median 5.0; 25%-75% interquartile range, 0.0-12.0; p  .86).
We performed an adjusted analysis of ventilator-free days using a generalized linear model including age and admission APACHE III score as covariates. This analysis also did not reveal a significant difference in ventilator-free days either by itself (p  .66) or when propensity score for receipt of statin was included as a covariate (p  .71).
Among all patients in the cohort, risk of death while in the ICU was not significantly different whether patients did or did not receive statins (OR 0.75; 95% CI 0.54-1.06; p = .10). We conducted logistic regression analysis as described, which showed that receipt of statins did not alter the risk of death while in the ICU among these patients, either in the multivariable analysis (OR 0.87; 95% CI 0.60-1.27; p = .46) or in the multivariable analysis using propensity score matching (OR 0.98; 95% CI 0.65-1.48; p  .94).
Prehospital Statin Use
We conducted additional sensitivity analyses to determine whether prehospital statin use was associated with altered risk of either the primary or the secondary outcomes; 607 of 2,743 patients were receiving statin therapy before hospital admission (22%), of whom 128 had development of ARDS (17%). Prehospital statin therapy was associated with reduced odds of development of ARDS (OR 0.65; 95% CI 0.52-0.81; p < .01). However, this association was no longer significant when adjusted for other clinical factors in a multivariate model (OR 0.85; 95% CI 0.66-1.09; p  .20) and remained 
Continuation of Statins in Patients With ARDS
Among patients who had development of ARDS, a small proportion of patients continued to receive the drug after development of ARDS (62 of 738; 8%). Continuation of statin therapy after onset of ARDS was not associated with lower odds of mortality in unadjusted (p  .53), adjusted (p  .94), or adjusted and propensity-matched analyses (p  .87).
DISCUSSION
Our findings demonstrate that after patients were matched according to their propensity to receive statins, statin therapy was not associated with a decreased risk of development of ARDS among patients who presented to the ICU with ARDS risk factors. Among patients who did have development of ARDS, receipt of statin therapy was not associated with differences in 60-day or ICU mortality, ICU length of stay, ventilator-free days, or daily MODS scores.
Statin medications are commonly used for primary and secondary prevention of coronary heart disease. In addition to their primary effect on plasma lipoprotein levels, statins have pleiotropic anti-inflammatory and antioxidant effects, as well as effects on vascular endothelial function. These pleiotropic effects may be responsible for some of the benefits associated with statin therapy outside of the preventive setting, such as in acute myocardial infarction or in postoperative patients.
As such, statins have attracted much interest recently for a possible beneficial role in the treatment or prevention of critical illness, including sepsis and ARDS, as well as its less severe variant of acute lung injury (ALI). In animal models, statins demonstrate protective or stabilizing effects on the pulmonary vasculature in response to toxic injury (25) (26) (27) (28) (29) . In animal models of acute lung injury, statins prevent, attenuate, or treat lung injury caused by various stimuli (9, (30) (31) (32) . With regard to sepsis, a condition that shares many elements of pathophysiology with ALI/ARDS, similar findings in animal models have led to growing enthusiasm for their use as a potential treatment in that condition as well (33, 34) . This enthusiasm has sparked initiation of a number of studies, but thus far no large randomized controlled trials have been published. Observational studies in humans have yielded mixed results. With regard to the potential therapeutic applications of statins, the first question asked by our study is, "Among patients with risk factors for ARDS, did concurrent statin therapy prevent the development of ARDS?" Although preclinical evidence has been promising, to date human clinical studies have yielded only indirect insight into the answer. In epidemiologic and population-based studies, chronic statin use has been associated with decreased risk of critical illnesses, including sepsis, in several patient populations (10, (35) (36) (37) , but these data pertain only partly to our question. More to our point, Almog et al (11) showed that among a group of 361 patients admitted to the hospital with infections, prehospital statin therapy was Odds ratio for effect of each variable on risk of death at 60 days of follow-up, as calculated in multivariate logistic regression model with matching by decile propensity score. associated with decreased rates of severe sepsis and of ICU admission, lending credence to the possibility that statins might prevent the progression of critical illness among patients who were at risk. However, none of these studies specifically addressed the risk of development of ALI or ARDS.
Of slightly greater relevance to our question, a recent article by O'Neal et al (16) did study the prevalence of severe sepsis or ALI/ARDS in a cohort of 575 ICU patients and determined that the prevalence of these conditions was lower among patients who had been using statins, but that concurrent aspirin therapy might explain this effect. Whereas the cohort was smaller and differently comprised than our population (all ICU patients rather than patients specifically at risk for lung injury), and the definition of statin use was somewhat different, this study perhaps most directly addressed the question we pose. However, it and the other studies mentioned suffer from a shortcoming common to observational studies, that the decision to treat with statins was determined by forces external to the study. It is easy to envision the possibility that treatment with statins might be a surrogate for other factors involved with patient outcome and with general health, such as the presence of comorbidities, concurrent medications, socioeconomic status, greater attention to preventive healthcare maintenance, and others, thereby potentially introducing confounding by indication and selection bias.
The ideal approach for answering our research question would be to conduct a study wherein patients with direct risk factors were randomized to receive statin therapy or placebo on admission to determine whether the drug reduced their risk of development of ARDS. We have attempted to optimize our study design to replicate as many of these aspects as is possible. Our patient population was prospectively enrolled and well-characterized with regard to demographic and baseline data, and determination of ARDS risk factors, which was limited in some of the previous population-based studies. In addition to recording whether patients had been receiving statins as outpatients, as most studies have done, we recorded any administration of statin while in the hospital, thus better-establishing the potential temporal physiologic relationship between the drug and the outcome, thereby hopefully reducing the opportunity for confounding by other factors related to indications for outpatient statin use. Daily prospective screening for development of ARDS helps keep the outcome well-defined and less subject to dilution that may occur from including patients with less severe ALI. Finally, with regard to statin therapy, although we were unable to control which patients received the drugs, the use of propensity score matching helps limit confounding and bias introduced by nonrandom exposure to the drug and serves as an attempt to correct a between-group imbalance of covariates. Whereas we note that the potential for confounding is high (for example, as presented in Table 3 , the differences in baseline variables between statin and nonstatin groups share much commonality with the factors associated with ARDS risk), propensity score matching serves to provide an unbiased or less biased estimation of treatment effects (38) in nonrandomized studies.
With regard to our findings, on the initial analysis we did in fact answer our research question in the affirmative-when patients with ARDS risk factors receive statins leading up to their ICU admission, they are less likely to have development of ARDS even after adjusting for multiple covariates. However, when propensity score matching is added to the analysis, the association disappears, suggesting that the reduced risk of ARDS is associated with another factor that tends to be related to statin use, whether it is measured or unmeasured. Given the body of evidence from preclinical studies, observational studies, and the nature of the association found in our study, there appears to be sufficient justification for a randomized controlled trial to settle the issues of potential confounding and bias.
Certainly, a preventive medication for ARDS is sorely needed. Four decades of research into pharmacologic therapy, primary anti-inflammatory therapy, for established disease has largely proven unfruitful (39) . However, it is known that preventive strategies can be effective, including limiting mechanically ventilated tidal volumes and instituting more conservative blood product transfusion criteria (40) . More recently, there have been efforts to define the timing of onset and to identify crucial early predictors of lung injury in the hopes of recognizing opportunities to institute preventive measures (41, 42) . As an inexpensive commonly available class of medications, the statins could play a valuable role in prevention if proven to be effective.
Although studies specifically pertaining to treatment of lung injury are less common, of note a recent study by Kor et al suggested no benefit in outcomes in patients with ALI/ARDS when they received prehospital statins (14) . The study design was similar to the analysis we performed for our secondary outcomes in a smaller cohort of 178 patients. Also of note, an epidemiologic study conducted among 196 ALI/ARDS patients in Ireland did not find a significant association between statin use and improved outcome (17) . Our results are similar in that there was no indication of benefit in mortality, organ failure, or need for mechanical ventilation, although the rate of statin discontinuation after development of ARDS was high (with only 8% of patients being continued on statin after development of ARDS), making it difficult to draw conclusions. Among alternative possibilities, if statins had been continued in a higher proportion of patients, then a benefit might have been seen; therefore, this study is not ideally suited to study efficacy in this regard. Along similar lines, the withdrawal of statins might have led to deleterious effects in patients who had been receiving them previously.
Our study (and others) suffers from some important limitations. Statins in these cases were prescribed for other indications and, therefore, as discussed, there may be substantial bias or confounding associated with these analyses, inherent to any purely observational study. Despite our attempt to adjust via use of propensity score matching, residual bias or confounding could be present. Another important limitation is the dosing and administration of statins. In a controlled trial these regimens would be standardized, but we were limited to studying whatever medications and doses were prescribed by treating clinicians. Of note, however, a recent study has suggested that continuing statin therapy through ICU admission does not result in decreased inflammation or improved outcomes, although development of ARDS was not specifically studied (43) . Additionally, the nature of the study (single academic medical center) leads to questions about external validity. Finally, given the potential for heterogeneity in ARDS pathophysiology according to the inciting risk factor, it is possible that statins have differential effects in some patients based on the underlying etiology. Such effects could explain the conflicting results seen in the literature or the overall neutral effect seen in our study.
CONCLUSIONS
In summary, our findings suggest that statins are not beneficial in the prevention of ARDS; however, to answer this question definitively, a randomized controlled trial is warranted. With regard to the utility of statins as a therapeutic agent in this disease, our study is consistent with others that do not show a substantial benefit. We look forward to the results from two ongoing randomized controlled trials to help answer this question.
